Background: In human medicine, right ventricular (RV) functional parameters represent a tool for risk stratification in patients with congestive heart failure caused by left heart disease. Little is known about RV alterations in dogs with left-sided cardiac disorders.
remodeling, left atrial (LA) dilatation, and eventually congestive heart failure (CHF). 1, 2 In dogs with left-sided cardiac disease, the increased LA pressure may lead to reactive pulmonary arterial vasoconstriction and finally pulmonary hypertension (PH), specifically type 2 PH. 3 In the most severe cases, right ventricular (RV) failure can be the ultimate sequela to PH. 4 Some studies have evaluated the prognostic value of echocardiographic parameters in dogs with preclinical and overt MMVD, mainly focusing on the assessment of the LV and LA. 5, 6 In other studies conducted in dogs with MMVD, PH was evaluated as an indicator of the progression of left-sided heart failure, [7] [8] [9] whereas a recent study evaluated RV function in dogs with PH of different origins, regardless of underlying left-sided heart disease.
10 Therefore, only a few studies have investigated RV functional and morphological alterations in dogs with predominantly left-sided heart disease, and none of these studies tried to correlate RV and LV dysfunction. 11 In humans, some echocardiographically derived indices of RV function have proved to be strong independent predictors of outcome and adverse events in patients with CHF caused by left heart disease. [12] [13] [14] This close relationship between RV and LV function might be explained by the so called ventricular interdependence (VI) phenomenon. Ventricular interdependence is defined as the forces that are transmitted from 1 ventricle to the other through the myocardium and pericardium, independently from neural, humoral, or circulatory effects. 15 This phenomenon occurs both in diastole and systole and is the consequence of the close anatomic association between the 2 ventricles. Diastolic VI is more closely related to the displacement of the interventricular septum during volume overload of 1 ventricle and by pericardial constriction, whereas systolic VI mainly is related to the myocardial contractility, particularly that of the interventricular septum. 15, 16 The first aim of our study was to investigate LV and RV systolic and diastolic function in dogs with MMVD at different stages and to evaluate noninvasively whether a correlation between LV and RV echocardiographic parameters is present in these dogs. A second part of the study was focused on assessing which of the echocardiographic variables related to the left-sided heart function are better predictors of the presence of PH.
Materials and Methods

Animals
Dogs were evaluated at the cardiology units of the Veterinary Teaching Hospitals of the Universities of Bologna and Padova for cardiac murmurs, clinical signs attributable to heart disease, breed screening, or pre-anesthetic assessment. Dogs were prospectively recruited from January 2010 to January 2012 and included in the study if they had clinical and echocardiographic signs typical for MMVD and body weight (BW) <21 kg. Dogs with cardiac diseases other than MMVD, or noncardiac systemic comorbidities evidenced by clinical examination or hematological and biochemical analyses were not included. Dogs were allowed to receive medications for CHF if deemed necessary. Healthy dogs were recruited from students, University staff, and private owners and used as control group. Dogs were considered clinically healthy on the basis of cardiovascular examination and complete transthoracic echocardiographic and echo-Doppler examination. Reference ranges for echocardiographic measurements were derived from the veterinary literature.
17
Procedures
All dogs underwent complete clinical examination and cardiac auscultation. Complete transthoracic echocardiography was performed according to standard techniques 18 by 2 investigators (MBT and HP) using dedicated ultrasound units a,b and continuous ECG tracing. The diagnosis of MMVD was made on the basis of clinical examination and echocardiographic criteria including thickening, prolapse or both of the mitral valve leaflets on 2-dimensional (2D) echocardiography and mitral valve insufficiency on color Doppler examination. 19 Left ventricular wall thicknesses and chamber diameters were obtained from 2D-guided M-mode images acquired from a right parasternal short axis view at the level of the papillary muscles. These linear measurements (LV wall thicknesses and diameter) were compared to weight-based reference values calculated as described elsewhere.
17 Left atrial and aortic root (Ao) diameter were measured on 2D images obtained from a right parasternal short axis view at the level of aortic root as previously described, and a left atrial-to-aortic diameter (LA/ Ao) <1.6 was considered normal. 20 Left and right ventricular diastolic inflows were recorded from the left apical 4-chamber view. The sample volume of the pulsed wave Doppler was kept unchanged (2 mm width) and placed just below the atrioventricular valves in the ventricular cavity. Spectral tissue Doppler imaging (TDI) was performed at the level of the medial (sMV) and lateral (pMV) mitral annulus from a left apical 4-chamber view, whereas tricuspid annular velocity was measured only at the level of the RV free wall, after optimizing the alignment of the ultrasound beam with the myocardium as previously described. 7 23 Tricuspid regurgitation (TR) was evaluated from the right parasternal short axis view at the basilar level, optimized left apical view or both, and the highest regurgitant jet velocity, measured using continuous wave (CW)-Doppler, was chosen. 4, 24, 25 A velocity >2.8 m/s in the absence of pulmonic stenosis was considered indicative of PH. 3 The modified Bernoulli equation then was applied to calculate the right ventricle-to-right atrium (RV-to-RA) systolic pressure gradient across the tricuspid valve; no estimated pressure of the right atrium was added to obtain the pulmonary artery systolic pressure (PASP). 8 Presence of pulmonic stenosis was excluded on the basis of morphologically normal pulmonic valve and annulus and a peak systolic transpulmonary blood flow velocity <2.25 m/s. 26 Measurements derived from 3 consecutive beats were averaged for each variable. The list of the variables used for the study is shown in Table 1 . Thoracic radiography was performed in each dog with MMVD and echocardiographic evidence of LA dilatation to assess the presence of CHF. Only dogs in sinus rhythm were included in the study.
According to the modified guidelines for the diagnosis and treatment of MMVD, 2 dogs were divided into different groups as follows: control, healthy dogs (group H); dogs having MMVD without left heart enlargement (group B1); dogs having MMVD with LV enlargement, LA enlargement or both but without clinical and radiographic evidence of CHF (group B2); dogs with symptomatic MMVD and radiographic evidence of pulmonary edema, pleural effusion or both or dogs with at least 1 confirmed episode of CHF in the past (classes C + D, named group S). From the MMVD population, only dogs having TR jet measurable using CW-Doppler, were sub-classified as group 0 (no PH) and group 1 (presence of PH).
Statistical analysis
Descriptive statistics were used for age, sex, and BW. Residual plots of all dependent variables were inspected to test the appropriateness of the linear model hypotheses. Preliminary analyses on factors and covariates to be included as predictors in the following ANCOVA model were assessed. To evaluate group effect (H, B1, B2, and S), a 1-way ANOVA was performed on the continuous variables (BW and age) and a chi-square test was performed on the percentage ratio between categorical data (sex, breed). Normal distribution of the echocardiographic, echo-Doppler, and TDI variables was assessed using a Shapiro-Wilk test. An ANCOVA model was used to test the fixed effects of sex, breed (mixed breed vs pure breed), group of dogs, center of investigation, as well as the continuous variables BW and age on the echocardiographic, echo-Doppler, and TDI parameters. The same model was applied to test the effect of the presence (group 1) or absence (group 0) of PH on these parameters in dogs with MMVD and measurable TR.
A posthoc t-test with Bonferroni correction was applied. The correlation between RV-TDI variables and the other echocardiographic, echo-Doppler, and LV-TDI measurements was tested with a Pearson correlation index and considered significant for P < .001 and r > 0.3. 27 Data are reported as means AE standard deviation (SD).
Tissue doppler imaging variables with a significant difference between dogs with MMVD with (group 1) and without PH (group 0) Data are expressed as mean AE SD. In bold values with statistical differences. LA, left atrium; Ao, aorta; LA/Ao, left atrium to aorta ratio; FS, fractional shortening; PV vel, pulmonic valve peak systolic velocity; TR vel, tricuspid regurgitation maximal velocity; RV, right ventricle; RA, right atrium; MV E vel, peak early diastolic mitral valve velocity; MV A vel, peak late diastolic mitral valve velocity; TV, tricuspid valve; pMV, lateral mitral valve annulus; sMV, septal mitral valve annulus; vel, velocity; Sa, systolic mitral/tricuspid annular motion; eʹ, early diastolic mitral/tricuspid annular motion; aʹ, late diastolic mitral/tricuspid annular motion; TDI, tissue Doppler imaging; H, healthy control group; B1, dogs with MMVD without cardiac enlargement; B2, dogs with MMVD and cardiac enlargement; S, dogs with MMVD and clinical signs due to congestive heart failure. *P < .01 compared with group H. **P ≤ .001 compared with group H. § P < .01 compared with group B1. § § P < .001 compared with group B1. # P < .01 compared with group B2. ## P ≤ .001 compared with group B2.
were linearly regressed against the Doppler-derived RV-to-RA systolic pressure gradient. The ability of these TDI variables to distinguish between dogs with MMVD and PH from those with MMVD without PH was evaluated by receiver operating characteristic (ROC) curve analysis. In particular, the sensitivity and specificity were calculated at various cut-off points. All statistical analyses were performed using commercial dedicated software.
c,d An overall value of P < .01 was considered significant. To assess interobserver measurement variability, 6 echocardiographic datasets from the same number of dogs enrolled into the study were randomly selected. For each study, 2 operators (MBT and HP) analyzed and measured the TDI variables obtained by the spectral TDI profiles recorded at the level of the sMV, pMV, and tricuspid valve (TV). The variability then was quantified for each variable as the coefficient of variation (CV) by use of the equation CV = (mean difference between measurements/mean of measurements) 9 100, and expressed as a percentage. The degree of variability was arbitrarily defined as follows: CV < 5%, very low variability; 5-15%, low variability; 16-25%, moderate variability; or >25%, high variability. 28 
Results
General characteristic of the study population
One-hundred and fourteen dogs met the inclusion criteria. Of these dogs, 28 (24%) were clinically healthy (group H), 36 (32%) had MMVD without cardiac enlargement (group B1), 28 (25%) had MMVD with cardiac enlargement (group B2), and 22 (19%) had symptomatic MMVD (group S). The mean age of dogs was significantly lower in group H (6.1 AE 3.4 years) compared to group S (12 AE 1.6 years; P < .001). Mean BW was <21 kg in dogs of groups B1, B2, and S, whereas it ranged from 3 to 33 kg in dogs of group H. Male dogs were overrepresented in groups B1, B2, and S, whereas female dogs were overrepresented in group H, but these differences were not significant. Mixed breed dogs were overrepresented, followed by miniature Poodles, Cocker Spaniels, Cavalier King Charles Spaniels, and Yorkshire terriers. However, no significant group effect was detected between mixed breed and pure breed dogs. Descriptive characteristics of the study population are summarized in Table 2 .
Of the 86 dogs with MMVD, 74 had combined mitral and tricuspid regurgitation. Of these, 26 (35%) dogs did not have Doppler-derived evidence of PH (group 0), and 48 (65%) had PH (group 1). From the 74 dogs with TR, the TR peak velocity was recorded from the optimized left apical view and the right parasternal short axis view at basilar level in 72 and 2 dogs, respectively, according to the sharper Doppler profile with a higher peak velocity obtained.
All drugs used in dogs of this study that could have an impact on hemodynamic variables are listed for each group of dogs in Table 2 . Echocardiographic variables in all dogs and correlation analysis between left and right cardiac chambers variables
All of the variables were normally distributed. Six of the 13 morphological and echo-Doppler variables were significantly different (Table 1 ) between dogs with MMVD at different stages and healthy dogs. In particular, a progressive increase in LA dimension, fractional shortening (FS), E wave velocity, and E/A ratio from dogs of group H to those of group S was observed (overall P < .001 for all variables). Moreover, TR velocity and RV-to-RA systolic pressure gradient were significantly higher in dogs of group S compared to those of groups B1 (P < .001). No statistical difference was found regarding RV E and A waves, and their ratio, among the 4 groups of dogs.
Regarding TDI variables, pMV eʹ and sMV eʹ were significantly greater in dogs of group S compared to those of groups H and B1 (overall P < .001). The pMV E/eʹ was significantly different between dogs of group S and those of all the other groups (overall P < .001), whereas for sMV E/eʹ a significant difference was found between dogs of group S and those of group B1 (P < .01). Moreover, sMV Sa was higher in dogs of group S compared to those of group H (P < .01). Among the RV-TDI variables a significant difference was found for TVeʹ between the H and S groups (P < .01) and for TVaʹ between the H and B2 groups (P < .01).
Results of the ANCOVA model indicated a statistically significant effect of investigation center for only 2 of the 28 measured variables (i.e., MV A vel and pMV Sa). Body weight had a significant positive effect for 4 of 28 variables (i.e., LA, Ao, pMV Sa, and sMV Sa) and significant negative effect for 1 variable (i.e., FS). Age had a significant negative effect for 3 of 28 variables (i.e., PV vel, pMVe 0 , and pMVe 0 /a 0 ). Breed significantly affected 2 variables (i.e., TVe 0 and TVa 0 ) with higher values in the mixed breed dogs, whereas sex had no significant effect.
The correlation analysis identified several positive and negative correlations between the 5 tested RV-TDI variables and morphological, echo-Doppler, and TDI variables of the LA and LV. Sixteen significant correlations (P < .001) with values of r > 0.3 were found between RV TDI and left heart echocardiographic variables (Table 3) .
Echocardiographic variables in dogs with MMVD with or without PH and prediction of PH on the basis of LV-TDI parameters
Left atrial diameter and MV peak E wave velocity were significantly higher in dogs of group 1 compared to those of group 0. Regarding TDI parameters, values of pMV E/eʹ and sMV E/eʹ were higher in dogs of group 1 compared to those of group 0 (P = .001 and P < .001, respectively; Table 4 ). These 2 variables were significantly positively correlated with RV-to-RA systolic pressure gradient (r = 0.241 and r = 0.339, respectively; Fig. 1) . Results of ROC curve analysis to predict the presence of PH using these 2 variables are shown in Figure 2 and listed in Table 5 . The variable sMV E/eʹ Table 3 . Correlation analysis between RV TDI variables and left heart echocardiographic parameters in a population of 114 dogs used in this study. In bold variables with significant correlation (P < .001 and r > 0.3). RV, right ventricle; TDI, tissue Doppler imaging; LA, left atrium; Ao, aorta; LA/Ao, left atrium to aorta ratio; FS, fractional shortening; MV E vel, peak early diastolic mitral valve velocity; MV A vel, peak late diastolic mitral valve velocity; pMV, lateral mitral valve annulus; sMV, septal mitral valve annulus; vel, velocity; Sa, systolic mitral/tricuspid annular motion; eʹ, early diastolic mitral/tricuspid annular motion; aʹ, late diastolic mitral/tricuspid annular motion; TV, tricuspid valve.
had the highest accuracy (area under the ROC curve = 0.820, at the threshold value of 10), whereas a slightly lower value was found for pMV E/eʹ (area under the ROC curve = 0.794, at the threshold value of 9.33).
Interobserver measurement variability
Interobserver measurement variability for the 9 TDI variables tested was always very low or low. The CV were as follows: <5% for pMV Sa, sMV Sa, sMV aʹ, and all of the TV TDI variables (TV Sa, TV eʹ, and TV aʹ) and between 5 and 15% for pMV eʹ, pMV aʹ, and sMV eʹ.
Discussion
We evaluated different echocardiographic systolic and diastolic parameters from both ventricles in dogs with MMVD at different stages of disease, with or without PH. The major findings include: the absence of statistical difference among MMVD classes and PH groups regarding RV systo-diastolic function; the linear correlation between the analyzed echocardiographic parameters of LV and RV function; the direct correlation between some diastolic parameters of the LV (specifically the MV E/eʹ ratio), and the calculated RV-to-RA systolic pressure gradient.
Regarding the morphological variables of the left heart, our results are similar to those previously reported. 5, 6 The degree of LA dilatation increased with progression of the disease as expected because of the progression of MMVD and myocardial remodeling. 5, 6 Regarding MV annulus TDI parameters, our findings are similar to previous observations reported in a similar cohort of dogs. 29 In particular, a progressive increase in MV eʹ peak velocity with the progression of disease and an increase in MV eʹ/aʹ ratio were found in the dogs of our study. The change in these diastolic parameters can be a consequence of the hyperkinetic LV that occurs secondary to mitral regurgitation, with subsequent enhanced relaxation properties and improvement in overall diastolic ventricular function. 30 Pulmonary hypertension might affect RV performance by increasing wall stress and decreasing systolic function. 7, 10 However, no statistical difference was found among groups regarding RV echo-Doppler and TDI parameters. Decreased tricuspid annular Sa wave velocity and decreased e 0 /a 0 ratio have been reported previously. 7 This discrepancy can be explained by the different technique employed to measure cardiac tissue velocity, 21 color-coded TDI and PW-TDI in the previous study and our study, respectively. Right ventricular systolic dysfunction has been identified in dogs with PH of different origin by measuring the tricuspid annular plane systolic excursion (TAPSE). 10 This parameter of longitudinal RV contractility has been found to correlate with RV ejection fraction and to predict survival with good accuracy in human patients with PH.
31,32
Conversely, no significant correlation between TAPSE and PH severity was found in dogs with MMVD, 33 but neither TAPSE nor other echocardiographic indicators of RV systolic function (e.g., the isovolumic contraction time at TDI of the TV) 31 were measured in dogs of our study. In humans with advanced left heart failure caused by ischemic myocardial disease, dilated cardiomyopathy, or valvular regurgitation, RV dysfunction usually is present and represents an important prognostic criterion to stratify patients. 12, 13, 34, 35 The severely decreased LV systolic function found in human patients with left-sided cardiac disorders likely is responsible for the decreased contractile properties of the interventricular septum, which directly affect the RV function and lead to biventricular failure.
15, 16 Results of our study suggest the absence of significant right heart dysfunction even in the advanced stages of MMVD in dogs. A Data are expressed as mean AE SD. In bold values with statistical differences.
TDI, tissue Doppler imaging; LA, left atrium; Ao, aorta; FS, fractional shortening; PV, pulmonic valve; TR, tricuspid regurgitation; RV, right ventricle; RA, right atrium; MV, mitral valve; MV E vel, peak early diastolic mitral valve velocity; MV A vel, peak late diastolic mitral valve velocity; TV, tricuspid valve; pMV, lateral mitral valve annulus; sMV, septal mitra valve annulus; vel, velocity; Sa, systolic mitral/tricuspid annular motion; eʹ, early diastolic mitral/tricuspid annular motion; aʹ, late diastolic mitral/ tricuspid annular motion.
certain degree of RV abnormality could have been detected by evaluating other echocardiographic parameters of myocardial function, such as TAPSE, strain, and strain rate, or using magnetic resonance imaging.
In our study, we found several significant but weak correlations between left and right echocardiographic functional parameters. In particular, the highest (i.e., r > 0.4) positive correlations were observed for the diastolic variables MV E wave peak velocity and TV eʹ wave peak velocity, MV A wave peak velocity and TV aʹ wave peak velocity, and MV and TV eʹ and aʹ waves peak velocity and their ratios (eʹ/aʹ). Moreover, a positive correlation was found between the systolic parameters of the 2 ventricles expressed by TDI annular peak Regression analysis between the right ventricle-to-right atrium (RV-to-RA) systolic pressure gradient and the tissue Doppler imaging variables (left panel) ratio between mitral valve peak E wave velocity and mitral annular early diastolic velocity at the level of the lateral wall (pMV E/eʹ), and (right panel) ratio between mitral valve peak E wave velocity and mitral annular early diastolic velocity at the level of the interventricular septum (sMV E/eʹ).
Fig 2.
Receiver operating characteristic (ROC) curves of 2 tissue Doppler imaging parameters to predict presence of pulmonary hypertension in 74 dogs with myxomatous mitral valve disease and tricuspid regurgitation. (A) The ROC curve of the ratio between mitral valve peak E wave velocity and mitral annular early diastolic velocity at the level of the lateral wall (pMV E/eʹ). (B) The ROC curve of the ratio between mitral valve peak E wave velocity and mitral annular early diastolic velocity at the level of the lateral wall (sMV E/eʹ). In bold cut-off points with the best accuracy in predicting presence of pulmonary hypertension. TDI, tissue Doppler imaging; MMVD, myxomatous mitral valve disease; sMV, septal mitral valve annulus; pMV, parietal mitral valve annulus; ROC, receiver operating; Se, sensitivity; Sp, specificity. systolic velocities (Sa waves). Whether these correlations are a consequence of the mechanism of VI or secondary to the effect of the autonomic nervous system, which affects similarly both ventricles, could not be completely assessed. However, a detrimental effect on RV performance secondary to left heart failure probably is minimal or not identifiable with echocardiography in dogs with MMVD because clinically relevant systolic dysfunction rarely is observed in these dogs. 1 In our study, the TDI parameters pMV E/eʹ and sMV E/eʹ at the cut-off values of 9.33 and 10, respectively, were moderately accurate in predicting PH in dogs with MMVD and TR. Previous studies conducted in human patients and dogs with experimentally induced mitral regurgitation showed that MV E/eʹ ratio strongly correlates with mean LA pressure. 29, 36, 37 However, this seems not to be true in dogs with naturally occurring MMVD. 38 Our study had some limitations. First, echocardiographic estimation of PASP was not confirmed by cardiac catheterization and direct measurement of arterial pressures. In humans, the use of Doppler-derived estimation of PASP may be inaccurate in individual patients, leading to an underestimation of actual PASP, whereas overestimation of pulmonary pressure >10 mmHg is very common.
32 Therefore, PH cannot be reliably defined by a cut-off value of Doppler-derived pulmonary artery systolic pressure. Consequently, estimation of PASP based on Doppler transthoracic echocardiography measurement is not suitable for screening for mild, asymptomatic PH in people. 32 Recently, echocardiographic and invasive estimation of PASP were compared in a canine model of acutely induced PH. 24 Despite a significant correlation between noninvasive estimates and invasive measurements of PASP, the relationship between the 2 subsets of values was highly variable. 24 The cut-off value of 2.8 m/s for TR peak systolic velocity has been arbitrarily proposed in veterinary medicine to diagnose PH in dogs, although it is not always accurate in predicting an actual increase in PASP. 3, 4, 24 Misdiagnosis of PH in some dogs of our study could not be completely excluded and may have led to an underpowered correlation analysis. Moreover, the peak velocity of TR was recorded from the right parasternal short axis view at basilar level instead of from the optimized left apical view in 2 of 74 dogs because of higher TR peak velocity recorded from the former compared to the latter view. This approach was considered best to avoid underestimation of the RV-to-RA systolic pressure gradient because Doppler can underestimate but not overestimate blood flow velocity. Second, the echocardiographic parameters we used to assess RV performance may not have been sensitive enough to detect mild systolic dysfunction. Tricuspid annular plane systolic excursion is known to be a better indicator of decreased contractility of the RV in humans. 32 However, because TAPSE is a dimensional parameter that varies among dogs according to BW, it is less suitable for a statistical comparison of a heterogeneous population of dogs of different breeds and body sizes. 10 Another factor that might have influenced our results is the effect of the drugs used for heart failure treatment on PH and ventricular function. The dogs enrolled in the study were treated following proposed guidelines for the management of MMVD. 2 A higher number of dogs in group 1 compared to those of group 0 received pimobendan and furosemide, because dogs in more advanced classes of heart disease are more prone to develop PH. 27 Pimobendan can induce pulmonary arterial vasodilatation, 39 but its effectiveness in decreasing PASP in dogs with MMVD is only mild. 40 Some differences in the demographic characteristics of the 4 groups (H, B1, B2, and S) might also have influenced our results. In particular, BW, age, and breed affected only 4, 3 and 2 of 28 echocardiographic parameters we investigated, respectively. Therefore, the comparison of some variables (i.e., LA, Ao, pMV Sa, sMV Sa, and FS) between group H and S should be considered with caution. Finally, dogs described in this study were enrolled at 2 different centers and were examined by 2 operators using different ultrasound units. An independent echocardiographic evaluation of a subset of dogs by each observer was not feasible. However, standardized echocardiographic scan planes were employed in each center and the ANCOVA analysis indicated a very limited center effect on the measured echocardiographic variables.
In conclusion, we were not able to identify a significant deterioration of RV systolic or diastolic function with the progression of severity class in dogs with naturally occurring MMVD and different degrees of PH. Transthoracic echocardiography appeared useful to recognize some relationships between functional variables of the RV and LV at different stages of disease. 
